The effects of mechanical activation of carbon black on the processing and properties of butadiene nitrile rubber were studied. Mechanical activation of carbon black caused an improvement in the physical and mechanical properties of the butadiene-nitrile rubber, BNR-18AMN. The optimum activation time that would afford rubber with improved properties was established.
Introduction
Manufacturing of low-cost but high-quality rubber products has continued to be a challenging but attractive task given its potential benefits. One of the more popular methods to control the physical and mechanical properties of elastomeric materials is the use of dispersed fillers, 1 which can reduce rubber consumption and have a direct positive influence on its properties. Carbon black is the most commonly used filler owing to its unique reinforcement properties. [2] [3] [4] It is well known that the reinforcing properties of carbon black depend on the size, shape, surface, and chemical properties of its aggregates. 5, 6 However, rubber reinforcement by carbon black has not yet been studied in detail. 7 At present, despite extensive research on novel methods of reinforcing with carbon black, [8] [9] [10] there are limited studies focusing on improving the physical and mechanical properties of rubber mixes and developing elastomeric materials with application-specific complex properties.
The surface of dispersed fillers can be modified by mechanical activation, preventing agglomeration of particles, increasing their surface activity, and ensuring an even distribution of the filler particles in the polymeric matrix. Recent studies on mechanical activation of dispersed fillers revealed that they possessed a nonequilibrium energy state. [11] [12] [13] [14] This phenomenon is the result of the energy absorbed during elastic deformation at the material surface. The nonequilibrium energy state of fillers is connected to the following factors: oscillatory excitement of atoms, electronic excitement and ionization, deformation of filler connections, bond angles, electron migration processes, and mass transfer in filler itself. [11] [12] [13] [14] The energy required for mechanical activation of fillers is higher than that required for thermal activation. 11
Experimental
Butadiene-nitrile rubber with a low acrylonitrile content (BNR-18AMN) 15 reinforced with activated carbon black filler (P803) 16 was studied. A typical standard order of addition and mixing of the rubber mixture components is as follows. Plastification of BNR is effected in 5 min; subsequent filling of activated carbon black and mixing, simultaneous addition of ZnO and stearic acid, and the final addition of sulfur and thiazole as the curing group require 10, 10, and 5 min, respectively. BNR-18AMN contains 2.5% of sulfur, 1.5% of thiazole, 2.5% of ZnO, and 50% of carbon black P803, and 1.5% of stearic acid. Activation of carbon black using a planetary mill (Activator 2S; JSC Activator, Russia) 17 was carried out for 0, 30, 60, 90, 120, 150, and 180 s at 13°C. Rotational speeds around the central axis of the drums were 1000 rpm and 1500 rpm. Centrifugal acceleration reached 150 G. Number of grinding spheres was 40 (160 g). Carbon loading in each drum was 30 g.
In this work, the effect of carbon black activation time on physical and mechanical properties was studied. It is known that the characteristics of carbon black that influence the matrix material properties are its dispersion in the matrix, particle structure, and density. The most important tool for studying the characteristics of carbon black is an electronic microscope. 18 The structure of carbon black surface before and after mechanical activation was investigated using a raster electronic microscope (JEOL JSM 7800F, Japan) operated at 2 kW. The specific surface area of carbon black was investigated using Sorbtometer-M (Russia) 19 as a function of the extent of activation.
In the manufacture of rubber mixtures, filling of carbon black into rubber is very important because carbon black significantly affects the properties of rubber. 18 A lack of surface activity of carbon black leads to a very poor rubber module, and hence, it is important to study and optimize the process of filling carbon black into rubber. There are two stages in this process: filling of carbon black into rubber, and distribution of carbon black agglomerates in the mixture.
For the first stage of carbon black introduction into rubber, various mechanical activation times were investigated. Mixing was performed on laboratory rollers (Polymix 110L; Brabender, Germany) using a B50EHT mixer (Benberi's oval gential rotors). 20 Such a rotor is used because it efficiently simulates the processes taking place upon mixing of rubber on rollers. The effect of filling activated carbon black into rubber over different times on the mixing process was investigated to evaluate the plastograms of carbon black.
In this study, the plastic and elastic properties were investigated at Brabender, Germany. The rotation frequency of the rotors and the temperature employed were 40 rpm and 155°C , respectively. Plates and columns were designed to investigate certain properties of cured rubber containing varying amounts of activated carbon black. All relevant samples for investigation were vulcanized in hydraulic press GT-7014-H10C (ref) for 20 min at 155°С. Physical and mechanical characteristics were evaluated according to GOST 270-75 using Type 2 21 samples on a tension testing machine (Shimadzu Autograph). 22 Wear resistance was evaluated on a machine employing sliding friction (MI-2), details of which are reported elsewhere. 23 The resistance of cured rubber to extreme environments was investigated in an oil environment using AMG-10, by a method reported elsewhere. 24,25
Results and Discussion
Electronic microscopy of the carbon black structure showed that the packing density of carbon black after mechanical activation ( Fig. 1(b) ) is higher than that before mechanical activation ( Fig. 1(a) ).
As shown in Figure 1 , carbon black agglomerates ( Fig.  1(c) ) collapsed after mechanical activation, but carbon units remained ( Fig. 1(d) ). In addition, the size of carbon black particles forming aggregates decreased upon mechanical activation, as a result of milling ( Fig. 1(e) ). This means that the agglomerates collapse at mechanical activation, while the carbon black skeleton is increased. The carbon black skeleton reveals the number and form of the aggregated particles.
As shown in Figure 2 , the decrease in the size of the carbon black particles is indirectly proved as follows: we observed a systematic increase in the specific surface while investigating the surface characteristics of carbon black, with respect to activation time. Because the surface area of carbon black corresponds to the interaction with rubber, the specific surface of carbon black increases with a decrease in the size of the carbon black particles.
Besides the two analytical values that characterize carbon black reinforcement of rubber (specific surface and skeleton), there is a surface activity that is difficult to measure. 6 In many respects, surface activity determines the interaction of carbon black with a polymer through physical adsorption and chemisorption. It also has a considerable impact on the physical and mechanical characteristics of rubber filled with activated carbon. As mentioned earlier, mechanical activation destroys agglomerates without destroying aggregate clusters. This leads to an increase in relative elongation, but results in surface activation, leading to an increase in rubber durability.
To determine the speed of mixing or the time required to reach the best mixture, the kinetics of mixing process is very important from a practical perspective. Studies on the mixing process showed that mechanical activation considerably relieves and reduces the time of carbon black filling in rubber. Plastograms (Fig. 3) showed the dependence of viscosity on time for filling carbon black in rubber. This dependence shows the structural changes in rubber for different carbon black activation times. The time interval depicted by two red lines in Figure 3 describes the process of carbon black filling into rubber.
As can be seen in Figure 3 , an increase in the carbon black activation time leads to a decrease in viscosity. This considerably relieves rubber processing and decreases the power consumption during the entire manufacturing process. The above process can be explained by the destruction of carbon black during milling. The energy necessary for shear force during carbon black filling in rubber is listed in Table 1 .
As shown in Table 2 , the rheological properties indicate an increase in activation time, which leads to an increase in viscosity. The different time indexes of subvulcanization indicate that the mechanical activation of carbon black also influences subvulcanization time. Rubber mix samples created with a long carbon black activation time were characterized by higher values of subvulcanization time. However, a carbon black activation time of 90 s resulted in the lowest subvulcanization time (∆t = 2 min) and the maximum subvulcanization speed (1/∆t = 0.5 min −1 ). It is well known 6, 26, 27 that the carbon black skeleton influences rubber properties such as viscosity, contraction, and module. An activation time of 90 s could be necessary for destruction of the agglomerates, while preserving the carbon black aggregates.
The physical and mechanical properties of cured rubber showed that filling rubber with activated carbon black considerably increases the relative elongation of the rubber. Increasing the activation time of carbon black by 30 s leads to an increase in the relative elongation of rubber by 20%. For example, activation for 30 s increases the relative rubber elongation from 573% to 592%, and activation for 60 s leads to an elongation of 614%. Maximum durability of rubber with carbon black activation was obtained for activation times between 60 and 90 s. Activation time longer than 90 s leads to a decrease in the rubber durability (f p , and f 400 ,) and Shore A (hardness). The improvement in the rubber elasticity can be explained by the distribution of activated carbon black in the rubber. Improvement of rubber durability with activated carbon black can be explained by the increased surface activity of carbon black. The increase in the carbon black surface activity after mechanical activation occurs is a result of the increase in carbon black specific surface as well as the transfer to the high-excited state. Increased contact between carbon black and rubber leads to increased interaction between them, which in turn leads to rubber reinforcement. Therefore, activation of carbon black for 90 s is enough to achieve destruction of agglomerates and retain the original carbon black skeleton. Table 2 shows that abrasive friction of rubber with activated carbon black resulted in a small change volume wear (∆V). The best result was obtained from activation of carbon black for 90 s, where the volume wear was 0.195 cm 3 . In addition, table 2 indicates that rubbers with and without activation of carbon black were swelled in AMG-10 oil. In conclusion, carbon black activation for 90 s led to a gradual swelling decrease, but activation times longer than 90 s led to a gradual 
Conclusion
Mechanical activation of carbon black (P803) on a planetary mill generated aggregates containing carbon black particles through the destruction of agglomerates. It also led to a decrease in the size of the carbon black particles and subsequently an increase in the specific surface of the carbon black particles. This eventually resulted in more frequent interaction with rubber. This method of carbon black activation in the process of manufacturing butadiene-nitrile rubber can improve the physical and mechanical properties of the rubber. A carbon black activation time of 90 s was optimum for obtaining rubber with improved physical and mechanical properties as well as excellent wear/oil resistance.
